Tongue movements contribute to oral functions including swallowing, vocalizing, and breathing. Fine tongue movements are regulated through efferent and afferent connections between the cortex and tongue. It has been demonstrated that cortico-muscular coherence (CMC) is reflected at two frequency bands during isometric tongue protrusions: the beta (β) band at 15-35 Hz and the low-frequency band at 2-10 Hz. The CMC at the β band (β-CMC) reflects motor commands from the primary motor cortex (M1) to the tongue muscles through hypoglossal motoneuron pools. However, the generator mechanism of the CMC at the low-frequency band (low-CMC) remains unknown. Here, we evaluated the mechanism of low-CMC during isometric tongue protrusion using magnetoencephalography (MEG). Somatosensory evoked fields (SEFs) were also recorded following electrical tongue stimulation. Significant low-CMC and β-CMC were observed over both hemispheres for each side of the tongue.
Introduction
Sophisticated tongue movements play essential roles in vital oral functions such as speech articulation, mastication, swallowing, and airway patency. These fine tongue movements are accurately regulated by descending motor commands from the cortex to the tongue muscles and by afferent sensory feedback from the tongue muscles to the cortex. Such bi-directional functional connections between the cortex and muscles are mainly reflected in the cortico-muscular coherence (CMC) (Mima and Hallett, 1999; van Wijk et al., 2012) .
The physiological interpretation of CMC varies according to the frequency band.
The CMC in the beta (β) frequency band at 15-35 Hz (β-CMC) is generally thought to reflect the cortical interaction of motoneuron pools (Farmer et al., 1993; Mills and Schubert, 1995) . Magnetoencephalography (MEG) and electroencephalography (EEG) studies have shown that the β-CMC is derived from the primary motor cortex (M1) and drives the muscle activities of the limbs and fingers through spinal motoneurons (MEG: Conway et al., 1995; Salenius et al., 1996 Salenius et al., , 1997 Brown et al., 1998; Gross et al., 2000) (EEG: Halliday et al., 1998; Mima et al., 2000) . In our previous MEG study (Maezawa et al., 2014c) , in addition to finding that the β-CMC for the thumb occurred over the contralateral hemisphere, we also found that the CMC for the tongue was detected at two different frequency bands (the β band and a low-frequency band at 2-10 Hz) over both hemispheres during isometric tongue protrusion for each side of the tongue. We concluded that the β-CMC for the tongue reflects the descending motor commands from M1 bilaterally to each side of the tongue through hypoglossal motoneuron pools.
However, the mechanism of the CMC at the low-frequency band (low-CMC) is still unclear. Recent studies on cortico-kinematic coherence (CKC) using an accelerometer demonstrated that the primary sensorimotor cortex (SM1) is strongly coherent at the low frequency band during repetitive finger movements (Piitulainen et al., 2013a (Piitulainen et al., , 2013b Bourguignon et al., 2015) . These studies suggest that the CKC at the low frequency band mainly reflects proprioceptive afferent input from muscle spindles to the contralateral SM1. Thus, as the human tongue muscles are rich in muscle spindles, the low-CMC for the tongue may be related to proprioceptive afferents from the tongue muscles.
The object of the present study was to investigate the generator mechanism of the low-CMC during human tongue protrusion using MEG. To do this, we first identified the conduction time of the low-CMC between the cortex and tongue, and compared it with the conduction times of the β-CMC and the somatosensory evoked fields (SEFs) following tongue stimulation. Second, we examined the location of the cortical sources for the low-CMC compared with the source locations of the β-CMC and tongue SEFs.
Materials and Methods

Subjects
Twenty-one right-handed healthy volunteers (14 men, 7 women; aged 20-37 years; mean age, 28.0 years) were studied. None of the subjects had a history of neurological or psychiatric disorders. Written informed consent was obtained from all subjects before they were included in the study. The protocol for this study was approved by the Ethical Committee of Dental Medicine of Hokkaido University. A portion of this study (β-CMC) has been reported previously using different analysis methods in 15 subjects (Maezawa et al., 2014c) .
MEG recordings
Neuromagnetic signals were measured with a helmet-shaped 306-channel apparatus (VectorView, Elekta Neuromag, Helsinki, Finland) in a magnetically shielded room.
This device had 102 trios that were composed of a magnetometer and a pair of planar gradiometers oriented orthogonally. Only 204 planar gradiometers were used for the analysis, detecting the largest signal above the corresponding generator source (Hämäläinen et al., 1993) .
The exact position of the head with respect to the sensor array was determined by measuring the magnetic signals from four indicator coils placed on the scalp. The coil locations, as well as three predetermined landmarks on the skull, were identified with a three-dimensional digitizer (Isotrak 3S1002; Polhemus Navigation Sciences, Colchester, VT). This information was used to co-register the MEG signal and the individual magnetic resonance images (MRIs) obtained with a Signa Echo-Speed 1.5-Tesla system (General Electric, Milwaukee, WI).
Coherence recordings
Subjects performed a task requiring weak and sustained forward tongue protrusions (20-30% of the maximal strength on a subjective scale). The tongue movements required subjects to have their mouths open slightly, however they were asked not to touch their tongue to their lips to prevent any sensory feedback from the mouth and lips.
The tongue protrusion task was performed for approximately 10-15 min, with each 2-min recording period being separated by a 30-s rest period. Surface electromyography (EMG) activity was recorded from the dorsum of the tongue bilaterally using disposable EMG electrode pairs (Vitrode V, Nihon Kohden, Tokyo, Japan). Simultaneous recording of MEG and EMG signals was performed with a bandpass filter of 0.1-300 Hz and digitized at 997 Hz.
SEF recordings
SEFs were recorded following electrical tongue stimulation in 16 subjects (10 men, 6 women; aged 20-37 years; mean age, 29.5 years). Stimulation was applied on the right side of the tongue using an electrical stimulator (SEN-3401, Nihon Kohden, Tokyo, Japan). We used a pair of pin electrodes (400-µm diameter) with an inter-electrode distance of 3 mm for stimulation because they can safely deliver a low-intensity stimulus to a small oral region (Maezawa et al., 2008 (Maezawa et al., , 2011 (Maezawa et al., , 2014b . Tongue stimulation was applied 1 cm from the edge of the tongue, 3-4 cm from the tongue tip (Maezawa et al., 2014a) . We confirmed through self-reports that electrical stimulation occurred only at the stimulation site. The stimulus consisted of square, biphasic, constant-current electric pulses (0.5 ms for 1 phase) applied once every 1 s. The intensity at each stimulation site was set to 2.5 to 3 times the sensory threshold for that stimulation site in each subject. Stimulation was applied at least 240 times. The recording passband was 0.1-330 Hz and the sampling rate was 997 Hz. The analysis window for averaging was from 100 ms before to 500 ms after each trigger signal. The baseline was calculated from -50 to -5 ms before stimulation onset.
Data analysis
Coherence analysis
For each side of the tongue, the EMG signals were high-pass filtered at 1 Hz and rectified to extract the motor unit potential timing information (Rosenberg et al., 1989) .
To calculate the spectral coherence between the MEG and rectified EMG signals at the low frequency band within 2-10 Hz, we used Welch's method (Welch, 1967) of spectral density estimation with a Hanning window, frequency resolution of 0.5 Hz, and half-overlapping samples, with the maximum frequency set to 15 Hz. To calculate the CMC spectrum at the β band, we again used Welch's method (Welch, 1967) rectified EMG signals for a given frequency λ, and fxy(λ) is the cross-spectrum between them. The muscular-muscular coherence (MMC) spectrum between sides of the tongue was also calculated in the same manner as the β-CMC spectrum.
We excluded the initial 5 s of each EMG signal recorded during the task from the analysis. We also rejected epochs with artifacts identified by visual inspection for either side from the analysis, thus yielding 620 ± 122 (mean ± standard deviation) total samples. Based on the method by Rosenberg et al. (1989) , coherence above Z was considered to be significant at p < 0.01, where Z = 1−0.01
. L was the total number of samples used in the estimation of the auto-and cross-spectra.
A cross-correlogram in the time domain was investigated by applying an inverse Fourier transformation to the averaged cross-spectrum of the right side of the tongue for each frequency band (low-frequency band and β band). Next, we constructed isocontour maps at the time points that showed cross-correlogram peaks for each frequency band. (Sarvas, 1987) . Only ECDs attaining an 85% goodness-of-fit and a confidence volume smaller than 3000 mm 3 were accepted.
SEF analysis
The peak latency of SEFs was measured from the channel showing the maximal signal over the contralateral (left) hemisphere. Isocontour maps were constructed at the peak latency. The digitized shape of each subject's head was fitted using a simple spherical head model. The magnetic field sources were modeled as ECDs whose locations were estimated from the measured magnetic waveforms. Only ECDs attaining a 90% goodness-of-fit and a confidence volume smaller than 1000 mm 3 were accepted.
Statistics
Data are expressed as the mean ± the standard error of the mean (SEM). The coherence value was normalized with an arc hyperbolic tangent transformation to stabilize the variance . The frequency and values of the low-CMC were compared using two-way repeated measures analyses of variance (ANOVAs) with the within-subjects factors of tongue side (right vs. left) and hemisphere (contralateral vs. ipsilateral). Post hoc comparisons were performed using paired t-tests with Bonferroni corrections after significant effects were found. The time lag of the low-CMC and the peak latency of SEFs were analyzed using paired t-tests. The contralateral ECD locations in each axis (x-axis, y-axis, and z-axis) were analyzed for the CMCs at the two frequency bands (low-frequency band and β band) and for SEFs using repeated measures ANOVAs with Bonferroni corrections (low-CMC vs. β-CMC vs. SEFs). The x-axis passes through the preauricular points from left to right, the y-axis passes through the nasion, and the z-axis points upward from the plane determined by the x-and y-axes. The statistical significance level was set to p < 0.05. Significance levels were corrected for multiple comparisons. Figure 1 shows examples of the EMG signals from both sides of the tongue during tongue protrusion in subject 10. We could detect cyclical EMG activity of the tongue at the low-frequency band, and such cyclical EMG activity was synchronized between sides of the tongue. and β band (19 Hz) ( Fig. 2A[1] ). The EMG and MMC spectra between the sides of the tongue also showed peaks at the low-frequency bands (3 and 7 Hz) and β band (24 Hz) ( Fig. 2A [2], 2B). Thus, the power spectra of the EMG and MMC signals had peaks at the same frequency bands. Figure 2C shows the CMC spectra recorded from the left [1] and right [2] sides of the tongue in subject 10. Two distinct peak frequencies were identified in the low-frequency band over both hemispheres for each side of the tongue. Coherent signals were also detected in the β band bilaterally for each tongue side.
Results
Coherence
MMC between tongue sides
Significant MMC between the sides of the tongue was detected at two frequency bands: 2-10 Hz and 15-30 Hz. The low-frequency band had two distinct peaks at 2-4
Hz (first peak) and 6-10 Hz (second peak) ( Table 1) .
CMC
3.1.2.1. Low-CMC Table 1 shows the peak frequencies of the low-CMC across subjects. The low-CMC had two distinct peaks: 2-5 Hz (first peak) and 6-10 Hz (second peak). The means of the first and second peak frequencies for each side of the tongue over each hemisphere are also shown in Table 1 
β-CMC
The mean frequency for each hemisphere was 25.8 ± 1.5 Hz (contralateral, N = 18) and 23.0 ± 1.4 Hz (ipsilateral, N = 14) for the right side, and 24.0 ± 1.3 Hz (contralateral, N = 18) and 22.9 ± 1.5 Hz (ipsilateral, N = 17) for the left side of the tongue.
The mean CMC values for each side of the tongue over each hemisphere are shown in Table 2 . Figure 3 shows the waveforms of the cross-correlogram and SEF over the contralateral hemisphere for the right side of the tongue in subject 10. The peak latency of the cross-correlogram for the low-CMC was observed after EMG onset ( Fig. 3A[1] ), while the peak latency of the β-CMC was detected before EMG onset ( Fig. 3A[2] ). 
Time estimation of the CMC and SEFs
Source localization of the CMC and SEFs
The isofield contour maps revealed a dipolar pattern at the latency showing the maximum amplitude for the CMC and SEFs in a representative subject (subject 10) ( Fig.   3B[1-3] ). The ECDs of the low-CMC and SEFs were located in the lateral part of the central sulcus, which suggests they were in the tongue region of the primary somatosensory cortex (S1) (Fig. 3C ). The ECDs of the β-CMC were located in the anterior part of the central sulcus, which suggests they were in the tongue region of M1.
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The directions of the ECDs were similarly posterior for the low-CMC and the SEFs, but were anterior for the β-CMC (Fig. 3C ).
The The ECD orientations of the low-CMC were posterior in 14 subjects and anterior in two subjects. The ECD directions of the β-CMC were variable among subjects, but those of the SEFs were posterior in all subjects.
Discussion
The present study demonstrates that the generator mechanism of the tongue CMC differed depending on the frequency band (low-frequency band vs. β band) during isometric tongue protrusion in humans. The low-CMC reflects functional coupling related to proprioceptive feedback from the tongue muscles to the cortex, in contrast with the β-CMC, which reveals the efferent motor commands from the cortex to the tongue muscles.
Generator mechanism of the low-CMC
Sophisticated tongue movements can be regulated accurately through the bi-directional information flow between the cortex and tongue. The unidirectional functional coupling from the cortex to the tongue was reflected by the β-CMC through the hypoglossal motor nucleus, which innervates the tongue muscles, during tongue protrusion in humans (Maezawa et al., 2014c) . On the other hand, despite the fact that the other direction of the afferent pathway plays a role in the genesis of forearm CMC Barker, 2005, 2006) , little is known about the tongue CMC related to afferent sensory feedback.
Previous studies have reported that CMC was detected at low-frequency band (Wessberg and Vallbo, 1995; Gross et al., 2002) during repetitive slow finger movements. Recent CKC studies also detected the coupling between the cortex and finger at the low-frequency band of repetitive finger movements (Piitulainen et al., 2013a (Piitulainen et al., , 2013b Bourguignon et al., 2015) . These studies concluded that SM1 was primarily activated by proprioceptive reafferents. In the present study, given that the MEG signal for the low-CMC followed the EMG signal in time and that the cortical sources of the low-CMC originated from S1, this implies that the low-CMC reflects the proprioceptive afferents from the tongue to the cortex.
Three different types of peripheral sensory inputs related to proprioception exist: joint receptors, cutaneous receptors, and muscle spindles. Unlike most skeletal muscles, the tongue, as a visceral muscle, does not have a joint, and therefore has no joint receptors. Thus, we can exclude the effect of joint afferents in the generation of the low-CMC. Moreover, the effect of cutaneous sensation was insignificant in the present study. Piitulainen et al. (2013a) reported that finger CKC is mainly due to the proprioception from finger muscle spindles during flexion-extension movements, with cutaneous inputs having a negligible effect. The authors suggested that this is because ''gating'' of cutaneous inputs occurred during finger movements, which was indicated by the fact that the intensities of cutaneous stimuli were perceived as being weaker (Milne et al., 1988) , with higher perceptual thresholds (Angel and Malenka, 1982) .
Therefore, we can exclude the effects of joint and cutaneous receptors for the mechanism of low-CMC. In the present study, we could detect cyclical EMG activity of the tongue at low-frequency band during the tonic contraction, and such cyclical EMG activity was synchronized between sides of the tongue. As the EMG power spectra and MMC between the two sides of the tongue showed low-frequency peaks, we concluded that the low-CMC might reflect cyclical proprioceptive feedback from the muscle spindles of the tongue. Thus, we concluded that the low-CMC related to proprioception might serve as a sensorimotor feedback loop consisting of M1-muscle-S1-M1 network, and that such proprioceptive feedback may make it possible for M1 to regulate fine and flexible movement of the tongue during vital oral functions, such as mastication, swallowing, respiration and speech.
From among the mammalian species, the muscle spindles of the tongue have only been observed in primates (Cooper, 1953) . The sensory feedback through the muscle spindles of the tongue may contribute to fine oral functions. In particular, as the muscle spindles of the tongue are highly developed in humans compared with those in other primates, proprioception from the tongue muscle spindles in humans may play an important role in speech production. Ruspantini et al. (2012) reported that the low oscillatory frequency related to proprioceptive afferent feedback from the mouth muscles might play an important role in the smooth and sophisticated oral movements generated during word production. Moreover, the low-CMC related to proprioception may play critical role for keeping tongue position. It was sometimes difficult to keep steady tongue position due to the lack of attachment between intrinsic tongue muscles and bones. As we could detect cyclical EMG activity at low-frequency band, the monitoring system for tongue position through sensorimotor feedback loop may make it possible to maintain stable tongue posture as a whole. In fact, a study by Murayama et al. (2001) detected low-CMC at 7-11 Hz for paraspinal and abdominal muscles in the body trunk, suggesting that low-CMC might help axial muscles work together during postural control (Marsden et al., 1999) . In addition, the presence of physiological tremor may underlie the low-CMC. A study by Jerbi et al. (2007) showed significant and slow oscillatory activity (2-5 Hz) over the contralateral S1 during a continuous hand visuomotor task, with time-varying hand speeds. Since tongue muscles are characteristically free-moving, it is possible that the subjects' tongues exhibited involuntary slight tremulous movements during the isometric tongue protrusion task.
Future studies should measure the CKC during the isometric tongue protrusion task using an accelerometer.
Conduction time of the afferent pathways
To estimate the conduction time through afferent pathways from the periphery to the cortex related to cutaneous sensation, we generally use the somatosensory evoked potentials (SEPs) or SEFs following stimulation of a target peripheral region (Mauguière et al., 1999; Burgess et al., 2011) . A previous study investigating the CMC during finger movements estimated that the time lag from the finger to the cortex through the afferent pathway was obviously greater than the initial component (N20m) of SEPs following median nerve stimulation (Witham et al., 2011) . The reason for the longer latency of the CMC time lag compared with that of the N20m of SEPs was that the CMC time lag might reflect the average of all SEP components, not just the initial component; additionally, the afferent pathway and nerve fiber sizes are different between cutaneous sensation and proprioceptive sensation. Below, we discuss the two reasons for why we believe the time lag of the low-CMC also reflected the "averaged"
cortical response of all of the components related to proprioception from the tongue muscles.
First, the initial component of SEFs following electrical tongue stimulation occurs at 19 ms with an anterior current orientation (Sakamoto et al., 2008) . However, since the initial component of tongue SEFs is sometimes hard to detect due to its small amplitude, the prominent components that occur at the middle latency with a posterior current orientation are often used as a reliable and stable parameter for tongue SEFs (Nakahara et al., 2004; Maezawa et al., 2008 Maezawa et al., , 2011 Maezawa et al., , 2014a . In the present study, as the mean time lag and current orientation of the low-CMC were consistent with those of middle-latency tongue SEF components, the low-CMC may reflect the cortical response of middle-latency components related to proprioception.
Second, a previous study on SEFs following passive finger movement reported four main components over the contralateral hemisphere: 1M(P) (mean, 19.4 ms), 2M(P) (46.0 ms), 3M(P) (70.0 ms), and 4M(P) (119.0 ms) (Xiang et al., 1997) . Among these components, 2M(P) and 3M(P) were the most notable and stable, but the initial component of 1M(P) at around 20 ms had a small amplitude and was detected in only three of the ten subjects. Another SEF study related to proprioception reported responses over the contralateral hemisphere at 78.7 ms (M70) following motor-point electrical stimulation applied to the right extensor indicis muscles using a pair of wire electrodes (Onishi et al., 2011) . The authors concluded that the M70 component, whose onset latency occurred approximately 40 ms after the motor-point stimulation, must not reflect the initial cortical response of proprioceptive afferents, since the initial proprioceptive response at the thalamus level after motor-point stimulation of the extensor digitorum muscles was confirmed to occur at 10-12 ms by direct recording (Fukuda et al., 2000) . Given the constant results showing detection of middle-latency SEF components related to proprioception from the finger, we conclude that the low-CMC may also reflect the prominent cortical response of middle-latency components, not the initial component, through afferent feedback from the tongue muscles.
Source location
In the present study, since the low-CMC sources were significantly different from M1 (generator of the β-CMC), but were consistent with S1 (generator of the SEFs), we concluded that low-CMC generation may mainly originate from S1.
Potential candidates for generating the low-CMC include all of the areas in S1 that receive proprioceptive afferents, such as areas 1, 2, 3a, and 3b. Several animal studies have shown that areas 3a and 2, and areas 3b and 1 process different sensory information that reaches S1: areas 3b and 1 receive mainly cutaneous tactile inputs (Kaas, 1983) , whereas areas 3a and 2 receive mainly proprioceptive inputs from joint and muscle receptors. In particular, it has been well established that most neurons in area 3a are associated with muscle afferents (Lucier et al., 1975; Jones and Porter, 1980) , in contrast with area 2, which is best activated by joint movements (Burchfiel and Duffy, 1972; Schwarz et al., 1973; Mima et al., 1997) . Since the tongue has muscle spindles, but not joint receptors, it is reasonable that the source of the low-CMC is located in area 3a of S1. However, since the MEG system is inherently biased toward detecting activation in the tangential cortex, and since the current orientation generated in area 3a
is mainly radial, it was difficult to record the activation in area 3a using MEG. As the low-CMC was large in amplitude, the generators of the low-CMC should be located mainly by tangential generators. Since the current orientation generated in area 1 is mainly radial, area 1 was also excluded as the potential generator of the low-CMC.
These results regarding the potential cortical generators in S1 suggest that area 3b is the main region responsible for the low-CMC.
Self-paced repetitive finger movements at 2 Hz were found to be associated with steady-state movement-related magnetic fields (ssMRMFs) in a study by Gerloff et al. (1998) . They observed that ssMRMFs had two main components after EMG onset: a motor field component (MF) that peaked at 37 ms with an anterior current orientation, and a postmovement field component (post-MF) that peaked at 102 ms with a posterior current orientation. Of these two components, the post-MF component originating from S1 had an obviously larger amplitude than the MF component from M1. The authors concluded that the MF component was mainly related to a corticospinal volley from M1, whereas the post-MF component represented reafferent feedback processing from the muscle spindles to S1 (Gerloff et al., 1998) . Regarding the similarity in the conduction time of the afferent pathway and the current orientation between the post-MF and low-CMC, the low-CMC may reflect a component similar to the post-MF component in ssMRMFs. Given that, in monkeys, neurons in area 3b receive muscle afferents mainly via area 3a, it is reasonable that the activation of low-CMC in area 3b may spread from neurons in area 3a, receiving the initial proprioceptive response from tongue muscle spindles. Anatomically, proprioceptive fibers from the muscle spindles of the tongue run through the hypoglossal nerve and end in the trigeminal nuclei of the brainstem (Fitzgerald and Sachithanandan, 1979) . Thus, such proprioceptive responses are directed through the trigeminal nuclei from the tongue muscle spindles to area 3a in S1.
Limitations
The direction of information flow between the cortex and muscles can also be inferred using partial directed coherence analysis (Schelter et al., 2005; Faes and Nollo, 2010) . Mima et al. (2001) reported that the efferent CMC at the β-frequency band from the cortex to the muscles was larger than that in the opposite direction during finger muscle contraction. Recently, Bourguignon et al. (2015) concluded that CKC mainly reflects movement-induced proprioceptive feedback to SM1. Additional analysis is needed to explore the direction of information flow between the cortex and tongue muscles at the low-frequency band by means of partial directed coherence analysis.
Conclusions
In conclusion, our results show that the oscillatory synchronization at 2-10 Hz is due to proprioceptive afferent feedback from the muscle spindles of the tongue, and that the functional coupling at 2-10 Hz may be derived from each side of the tongue to the coherence (CMC) and somatosensory evoked fields (SEFs) across subjects (mean ± the standard error of the mean). Cortical activation followed muscle activation for the CMC at 2-10 Hz (low-CMC) and cortical activation followed electrical stimulation for SEFs.
However, the cortical responses preceded muscle activity for the CMC at 15-35 Hz (β-CMC). The mean conduction times were not significantly different between the low-CMC and SEFs. NS, Not significant. 
